We present an imaging system designed for use in the terahertz range. As the radiation source a backward-wave oscillator was chosen for its special features such as high output power, good wave-front quality, good stability, and wavelength tunability from 520 to 710 GHz. Detection is achieved with a pyroelectric sensor operated at room temperature. The alignment procedure for the optical elements is described, and several methods to reduce the etalon effect that are inherent in monochromatic sources are discussed. The terahertz spot size in the sample plane is 550 m ͑nearly the diffraction limit͒, and the signal-to-noise ratio is 10,000:1; other characteristics were also measured and are presented in detail. A number of preliminary applications are also shown that cover various areas: nondestructive real-time testing for plastic tubes and packaging seals; biological terahertz imaging of fresh, frozen, or freeze-dried samples; paraffin-embedded specimens of cancer tissue; and measurement of the absorption coefficient of water by use of a wedge-shaped cell.
Introduction
Terahertz ͑THz͒ waves, at the gap between microwaves and the far infrared, have long been terra incognita, mainly because of the lack of sources and detectors to facilitate efficient study of their properties, let alone to apply these waves to solve real-world problems. Recently, as sources and detectors have become not only available but also affordable and easier to use, more groups have been joining the THz wave research community. 1 THz imaging applications have received constantly growing interest. Among the most prominent advantages that it offers we mention the ability of THz waves to penetrate a wide range of materialsplastics, wood, paper, fabric, semiconductors, and many others that are opaque to visible and nearinfrared light or produce only low-contrast images in the x-ray region. As the THz photon energy is roughly 6 orders of magnitude smaller than that of an x-ray photon, its interaction with matter, particularly with biological tissues, is considered to cause no detectable damage. A comparison with the other side of the electromagnetic spectrum, the microwave range, highlights the advantage of THz waves: With their shorter wavelength they provide an imaging resolution that is sufficient in many applications. The existence of substance-specific absorption spectra in the THz range, especially as a result of molecular transitions, facilitates fingerprinting and brings about a whole area of spectroscopic detection, testing, and analysis techniques. THz spectroscopy can qualitatively and quantitatively characterize the chemical composition of a sample 2 with applications such as the noninvasive detection of illegal drugs hidden in envelopes. 3 Absorption of THz waves by water, although it usually is a limiting factor, can be exploited in other applications. We also have high expectations regarding THz imaging in medicine. 4 The first report of THz imaging, by use of what now would be considered a rudimentary but at that time an ingenious apparatus, seems to be that of Hartwick et al. in the 1970s, 5 although many researchers cite the more modern approach by time-domain spectroscopy of Hu and Nuss from the 1990s. 6 Other approaches such as photomixing of two laser wavelengths to produce a continuous THz wave have also been successfully applied to imaging. 7 The THz imaging techniques evolve and expand rapidly, often by adopting methods used in other regions of the electromagnetic spectrum. 8 Our research is different from others' in that we used a backward-wave oscillator ͑BWO͒ as the radiation source, to our knowledge for the first time in an imaging configuration. We gave up the advantage of synchronous detection, which provides direct access to the signal evolution in time and thus to the phase, in favor of other qualities that the BWO provides, such as low noise and good stability, permitting short acquisition times at a high signal-to-noise ratio. The good waveform that it produces is valuable for excellent focusing on the sample and thus for good spatial resolution.
Other continuous-wave generators for the THz range are available, such as those based on photomixing of two closely spaced laser wavelengths and on nonlinear multiplication of microwave oscillations. The BWO generator has the advantages of high output power and ease of operation.
In a few words, the BWO operates as follows: A heated cathode emits electrons that are focused by a strong magnetic field and drawn toward the anode through a comblike decelerating structure. As a result, an electromagnetic wave is produced that travels in the opposite direction ͑hence the name͒ and couples into a curved waveguide that takes it out into free space. The output frequency depends on the electron speed, which is determined by the voltage applied between the electrodes.
For detection we chose to use a pyroelectric sensor, as it has sufficient sensitivity, is compact, and does not need cooling as many THz detectors do. The pyroelectric sensor works on the principle that a crystal with specific properties becomes electrically polarized when it is heated. The minute change in temperature owing to absorption of electromagnetic radiation is thus transformed into an electrical charge that is subsequently collected and amplified. A pyroelectric sensor is sensitive only to variations of the radiative power, so modulation of the incoming wave is generally necessary.
In this paper we discuss details of our imaging setup, including solutions of some technical and physical problems that arise when such a system is built and used, as well as its basic imaging characteristics. Examples of various applications are included to demonstrate potential uses of the imaging system. Figure 1 shows the optical setup of the imaging system. The BWO used as the source generates a continuous, linearly polarized, essentially monochromatic wave at a frequency that can be controlled in the case of our source in the approximate range of 520 -710 GHz ͑17.3-23.6 cm Ϫ1 ͒ by the high voltage applied to the electrodes of its internal tube. The output power depends on the frequency as shown in Fig. 2 and has a maximum estimated by the producer to be ϳ15 mW.
Imaging Setup
First the divergent beam from the BWO is reflected by a glass plate coated with an indium tin oxide ͑ITO͒ layer, which we use as a dichroic mirror 9 to combine the THz beam with a visible beam that is necessary for the optical alignment. The conductive ITO layer ͑250 nm thick, with a bulk resistivity of 1.5 ϫ 10 Ϫ6 ⍀ m͒ ensures good reflectivity, ϳ95%, for the THz waves and a transmittance in the visible range of more than 80%. As the visible light source we have chosen a miniature electric bulb, whose small filament works much as a point source; this option turned out to be more efficient than using a He-Ne laser with additional diverging optics.
Next the THz beam is collimated and then focused onto the sample by two off-axis parabolic mirrors. For image acquisition the sample is xy scanned with a linear motor stage that moves it through the focused beam. Additionally, the sample can be moved in the lateral and axial directions with a manual xyz stage, so the area to be scanned is placed in the beam and the focusing can be adjusted.
The beam transmitted through the sample is again collimated and focused onto the detector with another pair of off-axis parabolic mirrors. Detection is achieved with a pyroelectric sensor operated at room temperature. For this purpose the beam is modulated with an optical chopper placed in front of the BWO output window, and the signal from detector is fed to a lock-in amplifier synchronized with the chopper. Afterward the output from the lock-in amplifier is read, stored, and processed in a personal computer that also controls the BWO high voltage and the xy motor stage.
Imaging resolution is one of our most important concerns. For this reason special care has been taken for correct alignment of the parabolic mirrors. The first two mirrors are especially critical, as they determine the spot size on the sample. The optical alignment and the precise THz wave tracking are greatly facilitated by the superposition on the THz beam of a visible light beam, which is achieved by use of the ITO-coated plate introduced above. The visible light is also convenient afterward, when samples are placed on their holder; the bright dot that the light creates is helpful both for easily locating the area to be scanned and for adjusting the sample plane in the focus.
Reduction of the Etalon Effect
One of the problems that occur when one is imaging with such a highly coherent source is the presence of the etalon effect. Its origin is the back-and-forth propagation of the THz wave between two surfaces that come into the beam's path and form a resonance cavity. The effect manifests itself as bright and dark interference fringes that appear in the image. The reflecting surfaces can be the sample faces, the detector, or the source, such that they cannot be easily eliminated.
One method for reducing the etalon effect is to reduce the reflection on the surfaces involved, for example, by tilting one of them, to direct the reflected waves out of the system, as shown in Fig. 1 for the detector. Tilting the sample leads to a result like the one shown in Fig. 3 in which a tissue sample was scanned with and without tilting. The etalon effect did not disappear completely, possibly because of residual reflection by scattering or because the tilting angle was insufficient. At the same time, tilting the sample introduces a longer optical path and produces blurring of the image, especially for thicker samples.
Another way to reduce the etalon effect consists in placing a partially absorbing medium inside the etalon that is causing problems. 10 Doing so will reduce the total usable power to a fraction f but will also reduce the etalon effect to roughly f 2 , which means overall suppression of the interference term relative to the mean intensity to a fraction f.
A third method that we tried consists in demonochromatizing the BWO source. We could reduce the coherence length by modulating the THz wave frequency, which was done directly by modulation of the high voltage applied to the electrodes of the BWO tube. Unlike the parameters in the previous methods ͑tilting angle and attenuation ratio͒, in this case the modulation amplitude has to be carefully adjusted to cancel the interference fringes. Figure 4 shows a demonstration of reduction of the etalon effect by wavelength modulation. A polystyrene plate was placed in the sample holder and tilted slightly to produce horizontal fringes when it was imaged, as shown in Fig. 4͑a͒ . For the image in Fig.  4͑b͒ , each of the columns of pixels was scanned while the BWO frequency was modulated with triangular signals of different amplitudes: the leftmost column with amplitude zero and the columns to the right with linearly growing amplitudes. The arrows indicate where the fringe visibility falls to a local minimum, determined by calculation of the relative standard deviation of the pixel values separately within each column. The contrast of the etalon fringes can thus be decreased considerably by choice of the correct modulation amplitude. ͑a͒ The image of a polystyrene plate scanned without any modulation exhibits intense interference fringes. ͑b͒ The same sample was scanned while frequency modulation was applied with increasing amplitude from left to right. The fringe visibility fell to local minima, indicated by arrows, corresponding to spectral widths of 0.14 and 0.65 GHz. The contrast was amplified-to the same extent in both images-for clarity; the actual images are shown as insets.
Characteristics of the System

A. Imaging Resolution
The THz spot size at the sample plane, which directly determined the resolution of the imaging system, was evaluated by the knife-edge method. A sharp metallic blade was placed in the focal plane, with its edge successively along the x and y directions, and moved perpendicularly to its orientation. An example of the signals recorded in these measurements is shown in Fig. 5 . Assuming a Gaussian bell distribution of the power in the focal spot, we fitted the graphs with appropriate error functions. The intensity arriving at the detector depends on the knife's position as expressed by the following equation:
where I 0 is the full beam intensity, x is the knife's position, x c is the position of the distribution center, and d is the distribution diameter at half-height. The so-called error function, erf, appears from the integration of the Gaussian distribution and can be only calculated numerically or approximated. For the frequency of 593.5 GHz ͑at the peak power of our BWO source͒, the x and y diameters of the Gaussian distribution, measured at half of the maximum, were found to be 561 and 534 m, respectively. We conclude that the THz spot size is ϳ550 m.
For determining the diffraction-limited spot size, the same knife-edge measurement method was applied to the collimated beam between the first parabolic mirror and the second. The data show that the intensity distribution is approximately Gaussian, with a beam diameter of 35.6 mm at half-maximum.
The following relationship gives the theoretical diameter of the focal spot at half-maximum:
where is the wavelength, in our case 505 m; f is the focal length of the focusing element, 76.2 mm; and d 0 is the diameter of the collimated beam at half-height, 35.6 mm. The formula gives a theoretical, diffraction-limited spot diameter of 477 m. The result shows that our imaging system works close to the diffraction limit. The remaining difference from the measured 550 m can be explained by imperfect alignment, by the finite size of the parabolic mirrors, and by the non-Gaussian distribution of the BWO output wave. Choosing a collimation mirror with a longer focal length, thus producing a wider collimated beam, might improve the resolution. However, if the limited diameter starts clipping too much of the wave, the focal spot will have some diffraction rings around it, with detrimental effects on the image quality.
The actual shape of the focal spot cannot be readily sensed by use of the knife-edge method. One can obtain a better visualization by scanning a small aperture, such as a thin piece of aluminum foil with a 0.5-mm-diameter hole, in the same manner as a sample. Although the hole diameter is approximately equal to the spot distribution size, the images, given in Fig. 6 , are still able to show that the spot changes in size and shape slightly with frequency, probably because of the presence of electromagnetic modes inside the BWO tube. Processing of the images reveals that the long diameters of the spots, measured at half-maximum, are in the range 700 -1000 m, which is of course larger than the spot size because of convolution with the hole transmittance function.
B. Depth of Focus
Both the tolerance of the sample's axial position and the ability to obtain well-resolved images in thick samples depend on the depth of focus. The following expression gives, in the Gaussian approximation, the Fig. 5 . Measurement of the focal spot size by the knife-edge method. The measured signal ͑gray dots͒ was fitted with an error function. When the knife is tangent to the circle at half the Gaussian bell height, the transmitted signal is 11.9% or 88.1% of the full signal; these levels are shown by the two horizontal lines. 
where d min is the spot diameter at half-height. For our imaging system the depth of focus as defined above is 2.0 mm. Exceeding this limit leads to a quick blurring of the image such that, for example, at a 10-mm axial displacement the spot size becomes ϳ5 mm, hardly acceptable as imaging resolution.
C. Noise and Imaging Speed
The imaging speed is determined by the time necessary for taking the measurement of each pixel, which in turn depends on the noise level. For our system, in which a BWO source is paired with a pyroelectric detector, the nonattenuated beam produces a 20-mV signal, whereas the detector's dark signal is ϳ2 V. This means a signal-to-noise ratio of 10,000:1 while one can safely neglect the source instability, which is smaller than the detector noise, as will become clear below. These measurements were made at a lock-in time constant of 10 ms; allowing a pixel measurement time three times longer than the lock-in time constant, one obtains an imaging speed of 33 pixels͞s. For a scan of a practical size such as 100 ϫ 100 pixels the total image time amounts to a little more than 5 min.
The signal-to-noise ratio increases 10 1͞2 times for every decade of decrease in lock-in time constant, so faster scans are possible with increased noise. After some hardware limitations are overcome, we expect the scanning speed to reach at least 1000 pixels͞s. In the case of more-absorptive samples, the integration time has to be increased correspondingly.
The measurement dynamic range, defined as the ratio of the largest to the smallest transmission through a sample, is related to the signal-to-noise ratio. If the minimum transmitted power produces a signal twice as large as the noise level, and the maximum transmission is unity, then our system has a dynamic range of 5000:1, that is, 37 dB.
Another parameter that influences imaging quality is the power stability of the radiation source. According to our measurements the BWO instability introduces a low-frequency noise in the image. We measured the signal at full output power 10 times a second over a 1638.4-s period ͑2
14 samples͒ approximately 1 h after the source was turned on; the result, in which the signal variation was largely magnified, is plotted in Fig. 7͑a͒ . The maximum relative variation in this time interval is less than Ϯ2%. The Fourier analysis of this signal, shown in Fig. 7͑b͒ , reveals that the BWO instability introduces an approximate Brownian noise, with an amplitude of ϳ0.3 V rms on a time scale of 1 s, and increases 10 times for each decade of time scale. Similar results were obtained at other sampling frequencies and data lengths. This instability should be compared with the dc level of the BWO output, 20 mV, and with the dc level of the detector noise, 2 V. The signal stops having a Brownian behavior on time scales of less than 1 s when it reaches the ac noise floor of the detector and of more than 1 h when it becomes more stable.
The chopping frequency also determines the scanning time. The upper limit comes from the speed of the pyroelectric sensor. We set the optical chopper to 316 Hz for our scans, and all noise levels given here were measured at this frequency.
D. Comparison with Other THz Imaging Systems
We compared the performance of our BWO system with that of two other THz imaging setups, one that uses a terahertz parametric oscillator ͑TPO͒ source 11 and another based on femtosecond time-domain spectroscopy ͑TDS͒. A sample containing closely spaced metallic wires as well as areas of uniform transmission was scanned with all three systems, and the resultant images were compared visually, as presented in Fig. 8 .
The TPO imaging system to which we had access relies on transmission optics ͑plastic lenses for terahertz use͒ and a silicon bolometer as the detector. The image produced by this setup is inferior to that obtained with the BWO in both resolution and noise level. The TPO output power stability is ϳ20%, and, despite an averaging of 12 pulses͞pixel, the image still exhibits more noise than with the BWO. Also, at a frequency of 1.5 THz, meaning a wavelength 2.5 times shorter than with the BWO, the resolution is visibly lower. This happens because the TPO is not a point source but rather a line source, which produces an irregular wave that is difficult to concentrate into a small spot. The measuring time was 0.24 s͞pixel, compared with our 0.03 s͞pixel. The wider tunability of the TPO, however, allows morediverse spectroscopic imaging applications. The TDS system that we used in this comparison was designed by our research group at RIKEN particularly for THz spectroscopic imaging and was produced in collaboration with Tochigi Nikon Corporation. The performances of the BWO and the TDS setups cannot be directly compared, as they are quite different in nature. From the large amount of data obtained with the TDS system we extracted the transmission image at a single frequency. The measurement parameters selected for the performance comparison were spectral range, 0.5-3 THz; frequency step, 0.010 THz; and pixel time, 2.3 s. Under these conditions the image corresponding to 0.59 GHz was extracted and compared with that obtained with the BWO. Again, especially with respect to resolution, the BWO system produced visibly better results.
Applications
To check the imaging and measurement capabilities of the apparatus we attempted several preliminary applications; we present the results in what follows. In each case there is much room for improvement and expansion. The main purpose of these tests was to evaluate the quality of the BWObased imaging system.
A classical application of the THz waves consists in inspecting the contents of packages, envelopes, and other containers that are made from materials that are transparent in the THz range. As a demonstration of the capability of a THz imaging system to see through visually opaque materials, we present two examples in Fig. 9 : A cardboard box containing metallic objects was scanned, and the resultant image ͓Fig. 9͑a͔͒ reveals its contents; the RIKEN logo, made from aluminum foil ͓Fig. 9͑b͔͒, was imaged through a thick block of Teflon. Figure 10 is the THz image of a so-called touchand-go payment card used in the Japanese railway network. It shows in good detail the internal structure of the card, including a six-loop antenna whose lines have a transversal period as small as 0.8 mm.
A. Technical Applications
Real-time nondestructive testing applications have been found. The ability of THz waves to penetrate visually opaque media was exploited in the testing of plastic tubes as they come out of the production line, or during production. Defects such as inclusions of other materials, cracks, holes, and deformations can be detected in real time. Figure 11͑a͒ shows the THz image of a polyurethane tube with a defect produced by insertion in the tube of a small piece of the same material. Although in visible light the inside of the tube is not accessible, the THz image looks as Fig. 8 . Comparison of three THz imaging systems. The ability to resolve the metallic lines in this sample and the uniformity of the brighter areas indicate the advantages offered by the BWO system in terms of resolution and noise level. The TPO image was recorded at 1.5 THz; the TDS and BWO images were both recorded at 0.59 THz. The scanning steps were small enough not to limit the resolving power. The size of the imaged area is 10 mm ϫ 10 mm. Fig. 9 . ͑a͒ Metallic objects-a 5-yen coin, a screw, and a paper clip-inserted in a cardboard box are revealed by THz imaging. ͑b͒ The shape of the RIKEN logo was cut from aluminum foil and imaged through an 18-mm-thick block of Teflon. Fig. 10 . THz image of a railway payment card. The large loop made from six thin wires is the antenna that allows the card to be used just by being placed near the reading-writing machine. Other elements of the circuitry can be seen.
if the tube were transparent. The implementation in the production line does not require imaging; a simple longitudinal scan obtained as the tube is being conveyed is sufficient for detection of inclusions in the core of the tube. For detection of defects in the tube walls a manifoldly reflected beam can sense the tube in all directions simultaneously, as suggested in Fig.  11͑b͒ .
Still in the technical field, another application that we carried out is the nondestructive detection of defects in the seals of plastic packages for foods, medicines, etc. The seals of these packages can contain flaws such as areas that remain unattached, through which the product inside can leak out or matter from outside can penetrate into the package. We could detect the presence of such defects by passing the seal linearly through the focused beam and measuring the transmitted signal. For high-speed scanning, in this application the lock-in amplifier and the optical chopper are not used. Instead, the signal from the detector is amplified, bandpass filtered, and read into the computer. When a defect, either air or an aqueous solution, passes through the beam the transmission suddenly changes and causes a change in the detected signal. Figure 12 shows an example of a defect fabricated as a water-filled channel across a seal. The detection limit, expressed as the minimum channel diameter that produces a signal distinct from noise, is a few tens of micrometers, which is judged by quality standards to be sufficient. The maximum scanning speed that we tried for this application was 800 mm͞s. The signal amplitude was found to depend much more on the defect's size than on the scanning speed; thus we estimate that at higher speeds the detection limit will still be acceptable.
B. Absorption Coefficient of Water
There is a rich literature on the subject of the optical properties of water in various ranges of the electromagnetic spectrum. Various techniques are available, such as using a cell of adjustable thickness. 12 We measure the absorption coefficient of water-and the same can be done with other liquids-by using the wedge-cell technique. 13 We produce a layer of water whose thickness varies in our experiments from 0 to 564 m by joining two glass slides such that they touch each other on one edge and are spaced at the other and by filling the volume between the sides with water; the water is held in place by surface tension. The beam is focused normally on the wedge, and the transmitted signal is recorded as the wedge is scanned from the thin end to the thick end. Because the glass thickness is constant, the only variable absorption effect comes from water. If the etalon effect inside the water is neglected, the transmitted intensity will have a simple exponential dependence on the position:
where x is the position of the focused beam starting from where the water's thickness is zero, I 0 is the transmitted intensity at x ϭ 0, ␣ is the absorption coefficient, and is the wedge angle in radians. Figure 13 shows an example of a typical scan. Note that a water layer's thickness of 0.3-0.4 mm is still not too large for the signal to be detected without any lengthening of the measurement time; for this scan the lock-in time constant was 10 ms. We obtained for the absorption coefficient of water ͑temper- Fig. 11 . ͑a͒ Polyurethane tube with a defect. ͑b͒ Schematic of an optical adapter for probing the plastic tube from several directions simultaneously. The THz beam enters and exits as indicated by the arrows and is reflected by mirrors. Fig. 12 . Defect in polyethylene packaging seals. The peak at the middle is produced by a water-filled channel, 30 m in diameter. The peak shape comes from the fact that only the ac component of the signal, in a selected frequency band, is measured. Fig. 13 . Water absorption measured by the wedge-shaped cell technique. Measured data are shown as dots, and the continuous curve is the exponential decay fit. The dip at left is the shadow of the upper slide edge, corresponding to zero thickness. At the thinner part of the wedge the etalon effect inside the water can be seen as a slight waviness of the measured data. In this semilogarithmic representation the data should lie in a straight line. However, a small additive offset makes the data curve upward at the thicker end; this offset was included as an additional parameter in the fitting function.
ature, 23°C; frequency, 593.5 GHz͒ a value of 181 Ϯ 9 cm
Ϫ1
; the literature 14 gives 174.8 cm
. We suspect that including the etalon effect in the fitting function would permit enhancement of the measurement accuracy.
C. Biological Applications
Another area of applications consists in analyzing biological samples. Because of the large absorption coefficient of water, one application is the measurement of the water content in plants, 15 with applications in agriculture, for example. The pattern of water vessels and water distribution in a leaf can be analyzed, as shown in Fig. 14 , and the quantity of water can be monitored continuously and nondestructively. This scan was performed at a speed of 30 ms͞pixel, which for the 138 ϫ 138 pixel size corresponds to a total acquisition time of ϳ10 min. The scanning step was taken as 200 m, considerably smaller than the THz spot diameter, to ensure that the resolution is limited only by the physical parameters of the imaging system; however, at a 500-m step the image definition suffers only a slight degradation, while the acquisition time becomes 2 min. For the specific purpose of monitoring the water content of leaves, fewer pixels are sufficient, making possible a much higher frame rate if needed.
As a measurement detail, the leaf in Fig. 14 was held between two stretched sheets of a very thin plastic film, commercially known as Saran Wrap ͓poly͑vinylindene chloride͒, also called cling film, manufactured by Asahi Kasei, 11 m thick, used mainly for food packaging͔. The THz transmittance of a single layer of this film is above 98%, including the reflection loss on both sides, which makes it an ideal material for sample support.
For biological purposes there are ways to avoid the obstruction caused by water. Samples can be frozen; the better transmission of ice permits a deeper examination. Figure 15͑a͒ shows such an example: We froze a slice of pig tongue and kept it in this state by placing it on a thin stretched plastic membrane inside a vacuum chamber. By this technique the sample was maintained at temperatures below 0°C for several minutes without water from the air allowed to condense on its surface, which allowed a short scan to be performed. However, there is almost no detail in the transmittance image, probably because most of the absorption still takes place in ice and the contrast that is due to tissue structure is low.
The freeze-drying technique is much better than freezing. It completely eliminates water through a low-temperature, low-pressure process. This technique makes possible the examination of much thicker samples and does not pose a melting problem; to our knowledge it was not applied in THz imaging before. Figures 15͑b͒-15͑d͒ were obtained from samples placed on a stretched plastic film and prepared by the freeze-drying technique. Clearly resolved features and excellent contrast can be observed. The scan in Fig. 15͑b͒ is the heart of a chicken, with the left and right ventricles and the intraventricular septum clearly identifiable. In Fig. 15͑c͒ we present the THz image of a pig tongue, showing the texture of the muscular tissue. The different tissue layers of the pig uterine cervix in Fig. 15͑d͒ are also apparent. The average transmission through the freeze-dried samples, even at 1.5-2-mm thickness, is 10 -25%. Fresh samples of similar thickness would be essentially opaque.
D. Medical Applications
Applications in medicine have been a continuous objective for the THz wave research community. Fig. 15 . THz images of biological samples. The problem of high absorption in water was solved by ͑a͒ freezing or ͑b͒-͑d͒ freeze drying the samples. For the frozen sample hardly any detail can be seen, although the ice does transmit much better than water. In comparison, the freeze-dried samples show clear structural details and tissue texture. The images correspond to ͑a͒ a pig tongue; ͑b͒ a chicken heart ͑1, right ventricle; 2, interventricular septum; 3, left ventricle͒; ͑c͒ a pig tongue similar to the first sample but flipped over and rotated; and ͑d͒ the cervical canal of a pig uterus ͑1, the myometrium; 2, the uterine cavity; 3, the endometrium͒.
Various setups and techniques have been attempted, including continuous-wave sources 16 and dark-field imaging. 17 Tissue samples prepared by the paraffin-embedding method can be scanned as they are, as the water has been removed and paraffin is transparent in the THz range. Figure 16 shows samples of cancer tissues that we scanned at several wavelengths in an attempt to identify spectrally the healthy and the affected regions, as it has been suggested 18 that such identification may become possible in the THz range.
The information contained in the terahertz properties of the samples can be processed in a multitude of ways. 19, 20 At present, however, there appears to be agreement among most workers that the data provided by THz measurements, although they are promising, are still insufficient for objective discrimination between benign and malign tissues.
Conclusions
We have presented an imaging system for the THz range in which a backward-wave oscillator is used as the radiation source. The good wave-front quality permits focusing the beam in a small area to produce high resolution, close to the Gaussianbeam diffraction limit. The intense and stable output of the BWO yields a high signal-to-noise ratio, allowing short acquisition times, even when a roomtemperature-operated pyroelectric detector is used.
Although they are more difficult to align, we used reflection optical elements instead of lenses. They ensure correct focusing as well as easy and precise tracking with visible light, while they neither reduce the available power through absorption or spurious reflections nor produce an etalon effect of their own.
For the surfaces that are perpendicular to the beam, various methods of reducing the etalon effect, such as tilt of the reflecting surfaces, partial absorption inside the resonating cavity, and modulation of the wavelength, have been presented.
The application examples presented here give an idea of the large extent of the possibilities that this imaging technique has: real-time nondestructive testing, biological and medical imaging, and measurement of physical properties of substances. The low noise and good resolution allowed us to obtain clear, sharp images and well-defined signals, of which an accurate analysis is possible. We expect that such qualities will lead to an increase of the number of THz imaging applications for research, medicine, industry, and other fields. 
